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Summary
Background: Every chromosome requires at least one
crossover to be faithfully segregated during meiosis.
At least two levels of regulation govern crossover distri-
bution: where the initiating DNA double-strand breaks
(DSBs) occur and whether those DSBs are repaired as
crossovers.
Results: We mapped meiotic DSBs in budding yeast by
identifying sites of DSB-associated single-stranded
DNA (ssDNA) accumulation. These analyses revealed
substantial DSB activity in pericentrometric regions, in
which crossover formation is largely absent. Our data
suggest that centromeric suppression of recombination
occurs at the level of break repair rather than DSB for-
mation. Additionally, we found an enrichment of DSBs
within a w100 kb region near the ends of all chromo-
somes. Introduction of new telomeres was sufficient
for inducing large ectopic regions of increased DSB
formation, thereby revealing a remarkable long-range
effect of telomeres on DSB formation. The concentration
of DSBs close to chromosome ends increases the rela-
tive DSB density on small chromosomes, providing an
interference-independent mechanism that ensures that
all chromosomes receive at least one crossover per
homolog pair.
Conclusions: Together, our results indicate that selec-
tive DSB repair accounts for crossover suppression near
centromeres and suggest a simple telomere-guided
mechanism that ensures sufficient DSB activity on all
chromosomes.
Introduction
During gametogenesis, a diploid progenitor cell un-
dergoes two distinct nuclear divisions to produce four
haploid gametes; in meiosis I, homologous chromo-
somes are segregated, and in meiosis II, sister chro-
matids are partitioned. The proper segregation of ho-
mologous chromosomes requires the establishment
of a physical connection between each homolog pair.
In most organisms, this linkage takes the form of a
*Correspondence: andi@wi.mit.educrossover, a reciprocal exchange of DNA strands be-
tween homologs [1, 2]. Failure to form stable crossovers
results in chromosome nondisjunction, infertility, and
birth defects.
Crossovers are the product of homolog-directed
repair of meiotic DSBs. Breaks are formed by the topoi-
somerase-related enzyme Spo11 [3, 4], which becomes
covalently linked to the DNA during the reaction. Re-
moval of Spo11 from DNA ends allows 50-strand resec-
tion [5]. The resulting ssDNA forms the substrate for sub-
sequent strand invasion, which is catalyzed by the two
recA homologs Rad51 and Dmc1. Approximately half
of the strand-invasion reactions are further processed
into double Holliday junctions and crossovers [6, 7].
The limiting number of crossovers per meiosis re-
quires strict regulation of crossover formation and distri-
bution. Two mechanisms are thought to ensure that
even small chromosomes receive at least one crossover
[8, 9]. First, small chromosomes have a higher DSB den-
sity than large chromosomes, thereby increasing the
chances that one DSB will be repaired as a crossover
[10]. Second, a phenomenon called crossover interfer-
ence prevents the formation of new crossovers near
existing crossovers to ensure optimally spaced cross-
over distribution along chromosomes [2]. In addition,
crossovers are prevented in regions in which they would
be deleterious to the cell. Crossovers are suppressed
near centromeres, where they would interfere with mei-
otic chromosome segregation [11, 12]. Similarly, cross-
overs are reduced in the vicinity of the repetitive DNA at
the telomeres [13] and in the rDNA [14], where they could
lead to interactions between nonhomologous chromo-
somes and loss of rDNA repeats, respectively.
Crossover distribution is governed to a large extent by
the initial placement of DSBs [8, 9]. In budding yeast,
much of our understanding of where DSBs form stems
from the analysis of rad50S-type mutants (rad50S,
mre11S, and com1/sae2D), in which meiotic DSBs do
not get repaired and Spo11 remains covalently attached
to the DNA ends [4]. Studies of individual loci showed
that DSBs form preferentially at so-called hotspots,
the majority of which are located in intergenic regions
containing promoters [15, 16]. In addition, genome-
wide analysis of Spo11 localization revealed hot and
cold regions of DSB formation and showed specific de-
pletion of DSB hotspots near telomeres, centromeres,
and the rDNA [10, 16–19]. However, because rad50S-
type mutations have been shown to change the rate of
DSB formation at some loci [20–22], existing DSB maps
might not accurately reflect the distribution of DSBs in
wild-type cells.
We have developed an alternative method to localize
DSB hotpots by detecting the ssDNA intermediate that
surrounds each DSB site. Analysis of sites of ssDNA
accumulation in meiosis confirmed that DSBs occur
predominantly in promoters and are enriched near
highly expressed genes. In addition, consistent with ge-
netic data, high levels of DSBs were detectedRw20 kb
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strong DSB hotspots close to centromeres, indicating
that the repression of recombination in these regions
must occur at the level of DSB repair. Finally, we found
that telomeres induce w100 kb regions of increased
DSB formation close to the ends of all chromosomes,
suggesting a simple mechanism that distributes DSB
activity to chromosomes of all sizes.
Results
Labeling of ssDNA Reveals DSB Sites
We mapped meiotic DSB hotspots by detection of
ssDNA, a direct metabolite of DSBs [5, 23] (Figure 1A).
Because of its distinct chemical properties, ssDNA can
be specifically purified and labeled for microarray anal-
ysis [24]. Approximately 600 nucleotides of ssDNA are
typically exposed on either side of a meiotic DSB in
wild-type cells [5]. This number is increased in dmc1
Figure 1. Meiotic ssDNA Profiles
Wild-type (NKY1551), dmc1D (NKY1455), and spo11-Y135F
(A10914) cultures were induced to undergo synchronous meiosis.
As shown in (A), ssDNA, produced by 50 to 30 strand resection at
DSBs, was specifically labeled by random priming without a denatur-
ation step. For (B), premeiotic control samples were harvested at
0 hr, and meiotic samples were harvested after 3 hr (NKY1551,
A10914) or 5 hr (NKY1455). ssDNA was isolated, labeled, and hybrid-
ized to high-density tiled microarrays. The fold enrichment of ssDNA
in the meiotic sample over the control sample was calculated for
each feature on the array. The average signal from the two indepen-
dent experiments was plotted versus chromosome position for each
feature on chromosome III for wild-type (red), dmc1D (blue), and
spo11-Y135F (gray) strains (all chromosomes are shown in
Figure S1). Statistically significant DSB sites for dmc1D are indi-
cated by inverted triangles. For (C), dmc1D (NKY1455) cells were
collected at the indicated time points, and chromosome III was an-
alyzed by pulsed-field gel electrophoresis and Southern blotting
with the telomere-proximal YCL60c probe [16].mutant cells, which are unable to repair DSBs and arrest
with long tracts of ssDNA [25]. Therefore, for our initial
analysis, we chose a wild-type SK1 strain, as well as
an isogenic dmc1D mutant strain. Both strains were
induced to undergo synchronous meiosis, and total ge-
nomic DNA was isolated. ssDNA was enriched and fluo-
rescently labeled. Labeled probes from cells in meiotic
prophase and a control population that had not begun
DSB formation were cohybridized to a high-density tiled
microarray (w300 bp between array features). Plotting
the meiotic ssDNA signal versus chromosomal position
revealed a reproducible profile of ssDNA enrichment
at specific chromosomal loci in both wild-type and
dmc1D strains (Figure 1B and Figure S1 in the Supple-
mental Data available online). To ensure that the ssDNA
signal we detected was due to DSBs induced by Spo11
and not the result of DNA replication or spontaneous
DNA damage repair, we performed the same experiment
with spo11-Y135F, a catalytic mutant of SPO11, that is
unable to form meiotic DSBs [3]. We observed no sites
of significant ssDNA enrichment in the spo11Y135F
strain (Figure 1B and Figure S1). Therefore, this method
specifically detects Spo11-dependent meiotic DSBs.
Consistent with a large body of genetic data, we
observed DSBs across most of the genome. We used
several approaches to validate the DSB sites predicted
by our method. First, ssDNA arrays faithfully reproduced
the overall DSB profile of chromosome III as detected by
pulsed-field gel electrophoresis and Southern blotting
(Figure 1C). We observed that peak height corre-
sponded to signal intensity of hotspots on the Southern
blot, indicating that ssDNA signal reflects hotspot activ-
ity. Second, we detected all of the well-characterized
hotspots that have previously been confirmed by South-
ern blotting, including ARG4, DED81, CYS3, HIS2,
YCR047C, CDC19, and HIS4LEU2 [8], as well as the
majority of hotspots and cold regions directly tested in
other genome-wide studies [10, 17]. To further support
our results, we analyzed several predicted pericentro-
meric and telomere proximal hotspots by Southern blot-
ting. In all cases tested, ssDNA profiles were excellent
predictors of DSB sites in both wild-type and dmc1D
cells (see below and data not shown). We also confirmed
the absence of any measurable hotspot signal in the
cold regions surrounding the rDNA array on chromo-
some XII (YLR151C–YLR154C and YLR163C–YLR176C;
data not shown) [17, 19]. A similar method of ssDNA
enrichment was independently developed by Buhler
et al., and comparable results were observed [26].
We chose to use the dmc1D profile for quantitative
analysis of DSB distribution because, although ssDNA
profiles of wild-type and dmc1D strains displayed high
overall similarity (Figure 1 and Figure S1), the dmc1D
profile exhibited a substantially better signal-to-noise
ratio. We believe that this difference in signal is predom-
inantly a consequence of ongoing repair in wild-type
cells. Because of the limited synchrony of meiotic cul-
tures, as well as overlap in the timing of meiotic DSB
formation and repair [7], some DSBs might already be
repaired in wild-type cells while others have yet to
form. By contrast, no repair occurs in dmc1D mutant
cells [27]. Furthermore, other recombinases did not con-
tribute DMC1-independent repair activity because pro-
files of dmc1D rad51D and rad52D mutants were nearly
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unlike wild-type cells, the dmc1D mutation probably
permits quantitative detection of cumulative DSB forma-
tion across the genome.
To search for determinants of hotspot activity, we
focused on the most active DSB hotspots because
both ssDNA profiles and Southern analysis indicated
that the majority of DSB activity occurs at these sites.
Multiple contiguous points were enriched above back-
ground at each peak, consistent with the density of
our array and length of ssDNA exposed in the dmc1D
mutant cells. Therefore, we defined a hotspot as a clus-
ter of >3 adjacent sites that were significantly enriched in
at least two individual experiments. By these criteria,
we identified 258 hotspots in the dmc1D strain that we
used for subsequent study (blue triangles; Figure 1A,
Figure S1, and Table S2).
Hotspots Mapped by ssDNA versus Spo11
Localization
We initially compared the hotspots identified by our
ssDNA profiles to hotspots mapped by Spo11 localiza-
tion analysis (ChIP) in rad50S or sae2D mutants [10, 17].
Of the 258 hotspots detected by ssDNA enrichment
in the dmc1D strain, we found that only 89 overlapped
with the 177 DSB sites described by Gerton, et al. [10]
and 130 overlapped with the 585 described by Borde,
et al. [17]. To eliminate many of the experimental vari-
ables that could account for these discrepancies, we
mapped sites of Spo11 binding in a rad50S SK1 strain
on high-density arrays by directly labeling the immuno-
precipitated chromatin without amplification (Figure S1).
By using the same criteria for hotspot identification as in
our ssDNA analysis, we identified 232 significant sites of
Spo11 attachment across the genome. Comparison of
the DSBs identified by ssDNA enrichment and Spo11
binding in this study revealed 123 loci (w50%) present
in both data sets. In addition, we noted that the relative
peak heights varied greatly at hotspots that were identi-
fied by both ssDNA and Spo11 ChIP. This suggests that
the incomplete correspondence between hotspots
identified by ssDNA enrichment and Spo11 ChIP was
predominantly not a consequence of strain background,
array densities, or data analysis.
Previous reports suggested that rad50S-type muta-
tions alter DSB frequencies in some parts of the genome
[20–22]. To test whether the observed differences
between DSB hotspots mapped by ssDNA enrichment
and Spo11 ChIP are a consequence of altered DSB
distribution between dmc1D and rad50S mutants, we
selected several hotspots and analyzed DSB formation
in both mutants by Southern blotting. The well-charac-
terized YCR047C hotspot was detected by ssDNA map-
ping and Spo11 ChIP and was equally active in dmc1D
and rad50S mutants (Figure 2A). In contrast, several
other hotspots close to the telomere of chromosome
XVI (YPL274W and YPL221W; Figure 2A) and in pericen-
tromeric regions (CEN2, CEN4, and CEN15; see below)
displayed markedly reduced or undetectable activity in
rad50S mutants. Altered DSB activity was also apparent
by pulsed-field gel electrophoresis and Southern blot-
ting of chromosomes VIII (Figure 2B) and III (Figure S2).
Finally, in rad50S mutants, a higher fraction of chro-
mosomes remained unbroken, suggesting that overalllevels of DSB formation might be reduced (Figure 2B
and Figure S2). Similar data were obtained by Buhler
et al. [26]. We conclude that DSB hotspots are utilized
differently in rad50S and dmc1D strains.
DSBs Are Enriched in Promoters of Active Genes
We next examined where breaks occurred with regard
to gene-coding regions. Fine-scale mapping of DSBs
indicated that they are frequently located in the pro-
moters of one or more adjacent genes within a hotspot
[9, 15, 16]. The peaks of ssDNA enrichment we observed
had a mean width of 2.6 kb per hotspot and typically
overlapped multiple genes. This was expected given
ssDNA tract lengths of >1 kb in a dmc1D mutant [25].
Although our method does not have the resolution to
detect individual break points within a hotspot, we em-
ployed multiple statistical approaches to reveal trends
in DSB site selection. First, assuming that the peak of
ssDNA enrichment at each hotspot was located close
to the most common break site, we confirmed that
DSBs occurred preferentially in promoters. In particular,
peaks were located in divergent promoters three times
more frequently than expected, whereas they were
Figure 2. DSB Hotspots in dmc1D and rad50S
dmc1D (NKY1455) and rad50S (A11675) cells were induced to un-
dergo meiosis, and samples were collected at the indicated time
points. In (A), genomic DNA was digested and analyzed by Southern
blotting. The following restriction enzymes and probes (SGD co-
ordinates) were used: YCR047C, HindIII, III:209,361-210,030 [7];
YPL274W, PstI/XhoI, XVI:20,281-21,012; and YPL221W, XbaI,
XVI:128,661-129,550. Black arrowheads indicate major DSB sites.
For (B), hotspot distribution on chromosome VIII as determined by
ssDNA analysis (top panels) and by pulsed-field gel electrophoresis
and Southern blotting (bottom panel). For Southern blotting, a probe
close to the left telomere was used (SGD coordinates): VIII:23,768-
25,407. Red line indicates region of decreased DSB activity in
rad50S mutant.
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and in coding regions (Figure 3A). To further refine the
positions of break sites relative to genes, we calculated
the composite ssDNA-enrichment profile for all 1105
genes overlapping a DSB hotspot. Consistent with the
results above, the composite profile showed the highest
ssDNA signal in the promoter region (Figure 3B). To
resolve the position of break sites at individual genes,
we plotted the relative ssDNA enrichment across the
largest 226 hotspot-associated genes (Figure 3C). We
found thatw80% of genes exhibited higher ssDNA sig-
nal in their promoters and 50 ends relative to the rest of
the coding or downstream regions. Moreover, the vast
majority (44/47) of the 30 regions that exhibited elevated
ssDNA enrichment contained a promoter for the adja-
cent gene. Together, these findings are consistent with
the model that the majority of DSBs occur in intergenic
regions containing promoters.
Figure 3. DSBs Are Enriched in Promoters of Active Genes
(A) The ratio of observed to expected number of DSB hotspots in the
dmc1D strain (NKY1455) was calculated relative to the position of
transcripts for four classes of regions: in genes or between tandem,
divergent, or convergent transcripts. These data deviated signifi-
cantly from those expected from a random distribution of the 258
hotspots in the single-copy genomic sequence (c2, p = 7.4 3 1029).
(B) Composite ssDNA-enrichment profile. Array features associated
with each gene were assigned to one of ten open reading frame
(ORF) bins or five upstream or downstream intergenic bins on the
basis of their relative position within each region. The profile repre-
sents the mean log2 ratios calculated for each bin.
(C) Heat map representing scaled log2 ratios of ssDNA enrichment
for the upstream, coding, and downstream regions of each of the
226 largest genes coinciding with DSB sites in the dmc1D strain
(NKY1455). For comparison across genes, mean log2 ratios for all
features associated with each gene were adjusted to 0.
(D) The average expression level after 2 hr in sporulation media is
shown for all genes (yellow bars) and the genes coinciding with
DSB sites in the dmc1D strain (blue bars) for sporulating a/a and
control nonsporulating a/a cells [28].Because the activity of a number of hotspots requires
the binding of transcription factors [9, 19], we investi-
gated the connection between transcription and DSB
hotspots. By using published meiotic gene-expression
data [28], we found that the average expression level of
genes at peaks of DSB hotspots was 30% higher than
the mean expression level in the genome (Student’s
t test, p < 0.0009; Figure 3D). However, we observed
no enrichment of meiotically regulated genes within
hotspots (Table S2). Similarly, there was no difference
between expression levels of genes surrounding DSB
hotspots from meiosis-competent MATa/a cells or mei-
osis-incompetent MATa/a cells (Figure 3D) [28]. These
data imply that DSBs occur preferentially in the pro-
moters of active, but not necessarily meiosis-specific,
genes.
Strong Hotspots in the Pericentromeric Regions
Although recombination is repressed in pericentromeric
regions, we detected a substantial number of meiotic
DSB hotspots in the immediate vicinity of centromeres.
Within a 50 kb window encompassing the cohesion-pro-
tected regions around the core centromeres [29], we
observed as many DSB hotspots as expected from
a model of random distribution (21 versus 17, Figure S3,
blue triangles). We confirmed the existence of hotspots
close toCEN2,CEN4, andCEN15by Southern blotting in
both dmc1D and wild-type cells. In each case, one or
several DSB hotspots could be detected within 5 kb of
the centromere (inverted triangles, Figure 4 and Fig-
ure S4). We conclude that the pericentromeric regions
are not protected from meiotic DSB formation.
Hotspot Distribution near the rDNA and Telomeres
We next analyzed DSB formation around the rDNA and
near telomeres, genomic regions that were previously
reported to exhibit a significantly lower than average
number of DSB hotspots [10, 17–19, 30]. ssDNA analysis
confirmed an absence of strong hotspots within 100 kb
of the rDNA (chromosome XII; Figure S1). We also
observed a depletion of hotspots within 20 kb of telo-
meres; in these regions, we detected only half the
number of DSB hotspots expected from a random distri-
bution model (6 versus 14, Figure 5A), and the mean dis-
tance from a telomere to the closest hotspot was 40 kb.
Furthermore, when we plotted ssDNA enrichment ver-
sus distance from telomere for all data points, we ob-
served a noticeable decrease in overall ssDNA enrich-
ment in the first 20 kb from the telomere (Figure 5B).
The 20 kb zone of DSB depletion is much more limited
than that of previous studies involving rad50S or
sae2D mutations that observed depletion of hotspots
within 40–100 kb of telomeres [10, 17, 18, 30]. In our
analysis of Spo11-binding sites, DSB hotspots were de-
pleted within 40 kb of telomeres, and the mean distance
from the telomere to the closest hotspot was 100 kb. We
believe that the bias against telomere-proximal hot-
spots in the Spo11 ChIP experiments is due to the use
of the rad50S background. Pulsed-field gel analysis re-
vealed a selective reduction of DSBs near the left telo-
mere of chromosome VIII in rad50S mutants (Figure 2B),
and similar reduction was also observed for telomere-
proximal hotspots on chromosome III [22]. The limited
20 kb zone of DSB depletion is supported by both
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reduction of crossover recombination within 25–30 kb
of telomeres [13] (J. Fung, personal communication).
Strikingly, in the region 20–120 kb from a telomere,
hotpots mapped by ssDNA analysis were twice as prev-
alent as expected under a random distribution model
(137 versus 68). Southern-blot analysis confirmed the
existence of telomere-proximal hotspots on the left arm
of chromosome XVI and on the right arm of chromosome
III (YPL274W, YPL255W, YPL221W, YCR024C-A; Fig-
ure 2A and data not shown). By contrast, hotspots were
underrepresented at distances >120 kb from a telomere;
in these regions, we detected 115 hotspots instead of the
expected 176. A similar trend of telomere-proximal en-
richment and internal depletion of ssDNA was also ob-
served when we plotted the total ssDNA signal versus
distance from telomere for all data points (Figure 5C,
blue points). The existence of elevated break levels
close to the ends of chromosomes is supported by
recent genetic data in yeast (D. Kaback, A. Barton, and
J. Fung, personal communications).
The telomere-proximal enrichment of ssDNA might
underlie a well-known and widely conserved meiotic
phenomenon. Work from a number of organisms has
shown that small chromosomes receive more cross-
overs per unit length than large chromosomes [31–33].
This bias might ensure that small chromosomes receive
at least one crossover and are thus faithfully segregated
during meiosis I. It has been suggested that this size
bias is controlled, at least partially, at the level of DSBs,
because analysis of Spo11 distribution indicated thatsmall chromosomes had more hotspots per unit length
and that these hotspots were ‘‘hotter’’ [10]. ssDNA-en-
richment analysis similarly revealed that the average
amount of ssDNA was higher for the smallest chromo-
somes (Figure 6A). Additionally, the two smallest chro-
mosomes had far more hotspots per unit length as com-
pared to the larger chromosomes (11 and 15 hotspots
each, versus the expected five and six, respectively),
although this bias did not extend to the other small chro-
mosomes. Remarkably, when we plotted ssDNA enrich-
ment for individual chromosomes, large and small chro-
mosomes alike followed the same pattern of increased
levels of DSBs within a 100 kb region near the chromo-
some ends (Figure 5C, lines). The 20–120 kb window
size of increased ssDNA signal was constant for all
chromosomes and is almost exactly half the size of the
smallest chromosome (230 kb). Thus, the telomere-
proximal enrichment of ssDNA probably accounts for
the increased average ssDNA signal of small chromo-
somes (Figure 6A) and might ensure that all chromo-
somes receive sufficient DSBs, regardless of their size.
The observation that the DSB-enriched regions were
present near the ends of all chromosomes raised the
possibility that the proximity to telomeres induced
higher DSB levels in these regions. Alternatively, subtle
differences in local DNA sequence composition could
lead to elevated DSB formation. To distinguish between
these possibilities, we introduced new telomeres into
a DSB-poor internal region by bisecting the right arm
of chromosome XV. Strikingly, whereas there was no
change in DSB levels immediately next to the newFigure 4. Hotspots near Centromeres
(A) ssDNA enrichment versus chromosome
position is plotted for a window of 625 kb
for CEN2, CEN4, and CEN15. Black dots
indicate the centromere position. Black bars
indicate positions of restriction fragments
detected by Southern blotting, and inverted
triangles indicate confirmed DSB sites (see
[B]).
(B) dmc1D (NKY1455) and rad50S (A11675)
cells were induced to undergo synchronous
meiosis. At the indicated time points, sam-
ples were collected, and DNA was analyzed
by Southern blotting. The following restric-
tion enzymes and probes (SGD coordinates)
were used: CEN2, SacI, II:231,552-232,350;
CEN4, SpeI, IV:449,212-449,721; and CEN15,
SphI/NheI, XV:331,713-332,402. Gray arrows
indicate the positions of open reading
frames; black ovals indicate centromeres;
and black arrowheads indicate major DSB
sites.
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within w20–120 kb from the new chromosome ends
(Figure 6B). We conclude that telomeres are sufficient
to induce the 100 kb domain of DSB enrichment near
chromosome ends.
During meiosis, chromosomes undergo major struc-
tural changes that might directly influence large-scale
DSB distribution. Around the time of DSB formation,
meiotic telomeres congress into a loose cluster confor-
mation known as the bouquet [34]. The bouquet later
disperses, and chromosomes become associated with
the highly structured protein lattice of the synaptonemal
complex (SC) [35]. To test whether bouquet formation or
the SC affect large-scale DSB distribution, we analyzed
the requirement for two factors: Ndj1, a telomeric protein
necessary for bouquet formation [36–38], and Zip1, a
central component of the SC that also plays a role in
maintaining crossover interference [2, 39, 40]. Disruption
ofNDJ1 had no apparent effect on DSB hotspot distribu-
tion (Figure S1). Likedmc1D cells, ndj1Ddmc1Dmutants
demonstrated a biased hotspot distribution, with deple-
tion in a 20 kb window near telomeres and enrichment
outside that zone (Figure 6C). Furthermore, small chro-
mosomes still exhibited increased ssDNA signal in
ndj1D dmc1D mutants (Figure 6A). Similarly, deletion of
Figure 5. Levels of DSB Formation in Telomere-Proximal Regions
(A) The ratio of observed to expected number of DSB hotspot peaks
in dmc1D (NKY1455) is plotted as a function of distance from the
telomere. These data deviated significantly from those expected
from a random distribution of the 258 hotspots in the single-copy
genomic sequence (c2, p = 1.4 3 10219). Distance from telomere
was defined from the start of annotated single-copy sequence at
chromosome ends (SGD; www.yeastgenome.org).
(B) The log2 ratio of ssDNA-enrichment signal from all 32 subtelo-
meric regions was plotted as a function of distance from the telo-
mere for dmc1D (NKY1455; blue) and spo11-Y135F (A10914; gray).
Data were smoothed by application of a moving average over 20
consecutive points.
(C) As in (B), except the entire data set for all distances from telomere
is shown for dmc1D (NKY1455; blue). The data points for the individ-
ual chromosomes I (red line), II (orange line), and IV (yellow line),
smoothed by application of a moving average over 40 consecutive
points, are overlaid on the total data profile.ZIP1 had no clear effect on hotspot distribution or the
depletion of DSBs within 20 kb of telomeres (Figure S1
and Figure 6C), although we did notice a slight increase
in the DSB signal of small chromosomes in zip1D dmc1D
mutants (Figure 6A). We conclude that the telomere-
proximal distribution of DSBs is predominantly indepen-
dent of bouquet formation and the SC.
Figure 6. Effects of Telomeres on DSB Levels
(A) Average ssDNA enrichment per chromosome in dmc1D
(NKY1455), ndj1D dmc1D (YAH2626), zip1D dmc1D (YAH2650), and
spo11-Y135F (A10914) cells. The mean ssDNA-enrichment signal
relative to the mean signal for the entire data set was calculated
for all features on each chromosome. For chromosome XII, only
the non-rDNA sequences were included in the analysis. Bars repre-
senting the normalized average ssDNA enrichment for each chromo-
some were sorted by chromosome length. Gradient colors correlate
with chromosome length.
(B) The ratio of ssDNA enrichment was calculated for a dmc1D strain
containing a bisected chromosome XV (YAH3112) relative to the
wild-type chromosome XV dmc1D strain (NKY1455). The ratio of
ssDNA enrichment (YAH3112/NKY1455) was plotted for chromo-
some XV. The average ssDNA-enrichment ratio of the two strains
is 1. The arrowhead indicates the position where the chromosome
was bisected,w674 kb.
(C) The ratio of observed to expected number of DSB hotspot peaks
is plotted as a function of distance from the telomere for dmc1D
(NKY1455; blue), ndj1D dmc1D (YAH2626; orange), and zip1D
dmc1D (YAH2650; purple). These data deviated significantly from
those expected from a random distribution of the 258 hotspots in the
single-copy genomic sequence (c2, p = 1.43 10219, 4.03 10213, and
2.0 3 10231, respectively).Discussion
In this study, we present a method for detecting DSB-
associated ssDNA that can reliably predict DSB hot-
spots in both wild-type and mutant cells. Remarkably,
we observed substantial DSB formation within the peri-
centromeric regions. Because interhomolog repair is
suppressed around centromeres, our findings indicate
a specialized mode of DSB repair in those regions. In
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meres induce elevated levels of DSBs within a broad
zone from 20–120 kb from chromosome ends. This
distribution of DSBs suggests a mechanism for ensuring
that chromosomes of all sizes receive a minimum num-
ber of DSBs.
ssDNA-derived hotspot profiles differ noticeably from
the profiles obtained by mapping Spo11-associated
DNA. We believe that this difference is a consequence
of the rad50S-type mutations used to trap Spo11 at DSB
sites because these mutations alter the pattern of mei-
otic DSB formation [20–22]. Although not all hotspots
are affected, we demonstrate that many DSB hotspots
close to telomeres and centromeres are substantially
less active in rad50S mutants. At this point, it is unclear
why only some hotspots are sensitive to rad50S-type
mutations. The fact that rad50S is epistatic to dmc1D
with respect to DSB distribution argues against the
possibility that DSBs at rad50S-sensitive hotspots are
turned over more rapidly [20]. Rather, it appears that
these breaks never form. It is possible that feedback
mechanisms halt DSB formation as aberrant DSBs ac-
cumulate in rad50S mutants. Alternatively, there could
be limiting levels of factors that are not recycled when
Spo11 is not released. In either case, one would predict
that rad50S-sensitive hotspots form DSBs later than
hotspots not affected by this mutation.
Remarkably, we found that DSB levels around centro-
meres are much higher than predicted from the low rates
of meiotic recombination in these regions. For example,
quantification of the Southern signal at the YDR001C
hotspot (Figure 4B, middle panel), indicated that 7.8%6
1.8% of chromosomes receive a DSB at this site.
YDR001C lies betweenCEN4 and the well-characterized
centromere-linked marker TRP1 (YDR007W). Assuming
that YDR001C is the only major hotspot between these
two markers, we would expect a genetic distance be-
tween CEN4 and TRP1 of w7.5 cM (see Supplemental
Data), substantially more than the 0.3–0.5 cM observed
in mapping studies (www.yeastgenome.org). Therefore,
crossover repair can only account for approximately 5%
of repair at YDR001C. Interestingly, repair from the ho-
molog without strand exchange (noncrossover repair)
is thought to be similarly reduced in pericentromeric re-
gions [41]. These data strongly suggest that centromeric
DSBs are less frequently repaired by homolog-directed
DSB repair than breaks in other parts of the genome.
Our results indicate that an alternate pathway governs
DSB repair around centromeres. The fact that centro-
meric DSBs accumulate in the absence of the Dmc1
recombinase argues that these breaks are not repaired
by nonhomologous end joining, but rather by homolo-
gous recombination. Because Dmc1 is required for
both meiotic interhomolog and intersister repair [27],
we favor the possibility that pericentromeric DSBs are
repaired with the sister chromatid as the preferred re-
pair template. Intersister repair normally accounts for
only w20% of the DSB repair events during meiotic re-
combination [27, 42]. However, meiotic DSBs within the
repetitive rDNA array are almost exclusively repaired
from the sister chromatid [43]. A similar meiotic intersister
repair bias might exist around centromeres. Interestingly,
the abundance of Red1, a lateral element component that
prevents meiotic intersister repair, is selectively reducednear CEN3 [21]. It is tempting to speculate that local
depletion of Red1 allows intersister repair around
centromeres. Alternatively, the high concentration of co-
hesin complexes at centromeres or a distinct subunit
composition of centromeric cohesin complexes, as ob-
served in S. pombe [44], could also influence DSB repair
in the pericentromeric regions.
The distribution of meiotic DSB hotspots is regulated
on multiple levels. Locally, DSBs are known to occur
almost exclusively in intergenic regions containing pro-
moters, although not all promoter regions receive DSBs
[9, 15, 16]. Our results point to a role of transcriptional
activation in promoting DSB formation because we
observed an enrichment of highly expressed genes at
hotspots. However, studies of the HIS4-associated hot-
spot suggest that it might not be transcription of these
genes per se that is necessary for hotspot activity
[45]. Instead, transcription factors and histone modifi-
cations associated with transcriptional activation might
contribute to a chromatin environment that provides
accessibility to DSB factors [9, 46]. High GC content
was also implicated in the regulation of DSB formation
[10, 19, 47]. We found that the GC content of intergenic re-
gions containing DSB hotspots was higher than average
(37.87% versus 35.35%, Student’s t test, p = 2.23 10216).
However, this correlation could be driven, at least in part,
by the fact that DSB hotspots are overrepresented in pro-
moter-containing and larger intergenic regions, both of
which have higher than average GC content.
In addition to local regulation, DSB formation is also
controlled regionally, in particular near chromosome
ends. We observed two very defined regions near telo-
meres; the distal-mostw20 kb of single-copy sequence
were predominantly devoid of hotspots, whereas the
nextw100 kb exhibited higher levels of DSB formation
than the rest of the genome. How might this DSB
distribution be regulated? The depletion of DSBs within
20 kb of telomeres might be, at least partially, a cis effect
of the repeat-rich DNA sequences found in immediate
proximity of yeast subtelomeric regions because re-
combination remains low when these sequences are
moved to more internal positions [48]. By contrast, we
could induce DSB-rich 100 kb regions ectopically on
chromosome XV by introducing new telomeres. This
effect argues against a role of the local DNA sequence
in establishing the 100 kb regions and would be con-
sistent with the spreading of a trans-acting factor from
chromosome ends. Sir-dependent heterochromatin
has been reported to affect 4–16 kb of single-copy se-
quence at chromosome ends [49] and might control
DSB formation. Interestingly, deletion of the SIR2 gene
not only leads to an increase in DSBs near telomeres but
also to a decrease in DSB formation within 10–120 kb
from the telomeres [30], a region that is very similar to
the domain in which we observe increased DSB activity.
It might be worth using ssDNA enrichment to investigate
the role of telomeric heterochromatin in regulating DSB
activity because this method provides increasedsensitiv-
ity in detection of telomere-proximal DSBs. Finally, al-
though we have excluded a role for bouquet formation
or the SC, it remains a possibility that other aspects of
nuclear architecture such as chromosomal position with
respect to the nuclear periphery or the nucleolus might
influence the regional distribution of DSBs.
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crossover formation than large chromosomes [31–33].
We propose that this effect is driven, at least in part, by
the telomere-induced increase in DSB formation near
chromosome ends, which has a proportionally stronger
influence on small chromosomes. A localized increase
in DSB formation can also explain why a recent report
analyzing genetic recombination on translocated chro-
mosomes failed to find a chromosome-size effect. The
analyzed telomere proximal intervals did not change
their position with respect to the 100 kb domains [50].
Theoretical work has suggested the existence of two
pathways that control crossover distribution [51]. The
major pathway is under the control of crossover interfer-
ence, a chromosome-size-dependent mechanism that
functions to distribute crossovers evenly along chromo-
somes. In addition, that study postulated a minor inter-
ference-independent pathway that leads to roughly equal
amounts of crossovers on all chromosomes, indepen-
dent of their size [51]. Because the telomere-proximal
domains lead to a chromosome-size-independent in-
crease in DSB formation, we speculate that these
domains function in such an interference-independent
pathway of crossover formation. In this respect, our ob-
servation that zip1D dmc1D mutants exhibit somewhat
increased levels of DSB formation on small chromo-
somes is interesting, because disruption ofMSH4, which
acts in the same epistasis group as ZIP1 [52], leads to
an increase in crossover recombination specifically on
small chromosomes [51]. This observation raises the
possibility that the increase in recombination in msh4
mutants occurs at the level of DSB formation and sup-
ports the idea that the DSB-enriched domains near telo-
meres function in the interference-independent pathway
of crossover formation.
In humans, average recombination rates of small
chromosomes are approximately twice as high as those
of large chromosomes [31]. It is possible that similar
regions of increased DSB formation exist near the
ends of human chromosomes. Because ssDNA is
thought to be a universal intermediate of homologous
recombination, adaptations of the method presented
here should permit the mapping and analysis of meiotic
DSB hotspots in other eukaryotes, including mice and
humans.Experimental Procedures
ssDNA Isolation
ssDNA isolation was based on a method described in [53]. For each
time point, w109 cells were fixed in 70% ethanol at 220C. Cells
were spheroplasted in sorbitol buffer (1 M sorbitol, 1% beta-
mercaptoethanol, 0.2 mg/ml zymolyase 100T, and 0.1M EDTA [pH
7.4]), lysed in NDS (0.6% SDS, 300 mM EDTA, 10 mM Tris-HCl [pH
9.5]). DNA was deproteinated with proteinase K (0.25 mg/ml; Roche)
at 50C, twice phenol extracted, treated with RNase A, and stored in
TE (1 mM EDTA, 10 mM Tris-HCl [pH 7.5]) at 4C. A total of 25 mg DNA
were digested to completion with EcoRI (New England Biolabs).
ssDNA was enriched by batch absorption to BND cellulose as previ-
ously described [54]. In brief, a 50% slurry of BND-cellulose was
equilibrated in NET (1 M NaCl, 10 mM Tris [pH 7.6], and 1 mM
EDTA). Digested DNA was adjusted to 1 M NaCl, and ssDNA was
incubated with a 500 ml bed volume of BND-cellulose for 5 min. Resin
was washed with five bed volumes of NET. ssDNA was eluted five
times with 600 ml NET + 1.8% caffeine. DNA was precipitated and
concentrated for microarray analysis.Microarray Detection of ssDNA
A total of 1.5 mg each of 0 hr and 3 or 5 hr ssDNA samples were
labeled with Cy3-dUTP or Cy5-dUTP (GE Healthcare) by random
priming without denaturation with 4 mg random nonamer oligo (Inte-
grated DNA Technologies) and 10 units of Klenow (New England
Biolabs). Unincorporated dye was removed with microcon columns
(30 kDa MW cutoff; Millipore), and samples were cohybridized to
custom Agilent arrays in accordance with a standard protocol. For
each set of experiments, a dye swap was performed.
Microarray-Data Analysis
For each cohybridization, Cy3 and Cy5 levels were calculated with
Agilent Feature Extractor CGH software. Background normalization,
log2 ratios for each experiment, and scale normalizations across
each set of duplicated experiments were calculated with the sma
package [55] in R, a computer language and environment for statis-
tical computing (v2.1.0, http://www.r-project.org). DSB sites were
defined as >3 points within 500 bp of each other on the same chro-
mosome that all had p values < 0.125 (using pnorm function in R) in
each of two independent experiments. The DSB site was defined as
a merged region from start to end of all significant data points. The
peak was plotted at the location of the maximum ssDNA signal after
smoothing by application of a moving average across five
consecutive chromosomal features. For peak comparisons within
high-density data sets, DSB sites were defined as the same if any
of the enriched points were identical.
Supplemental Data
Additional Experimental Procedures, four figures, and two tables are
available at http://www.current-biology.com/cgi/content/full/17/23/
2003/DC1/.
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